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We have investigated the possible roles of histamine MO-* Ml and of 
acetylcholine Mo-d Ml, the latter in the presence of the cholinesterase 
_3 
inhibitor eserine x 10 Ml, as stimulators of the early secretion of 
pepsinogen by isolated glands of rabbit gastric mucosa. The experiments 
reported here were performed on glands from the stomachs of nine rabbits. The 
values for ten-minute stimulated and unstimulated secretion are reported. 
In contrast to results previously obtained with strips of isolated intact 
rabbit gastric mucosa, where secretion of pepsinogen was not significant until 
45 minutes after the start of stimulation by acetylcholine/eserine, in the 
present experiments marked stimulation of pepsinogen secretion was observed in 
the presence of acetylcholine/eserine after only ten minutes. There was no 
stimulation of pepsinogen secretion by histamine at the concentration 
indicated, suggesting that reported stimulation of pepsinogen secretion by 
histamine in the intact animal may be due to species differences, or to an 
indirect effect of histamine rather than to a direct effect on the chief cell. 
As in previous experiments with intact isolated rabbit gastric mucosa, 
considerable variation was noted in pepsinogen secretion among experiments. 
To normalize the secretion values, therefore, in each experiment we estimated 
the amount of gland protein present, and the amount of pepsinogen present in 
unstimulated glands. When the secretion values were normalized, however, by 
expressing secretion in terms of peptic units per milligram of gland protein, 
or as percent of pepsinogen content of unstimulated glands, the relative 
variation remained essentially unchanged. 
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I. INTRODUCTION 
Purpose of this research 
This study was designed to determine the effects of acetylcholine and 
histamine on pepsinogen secretion, over a ten-minute interval, by isolated 
gastric glands of rabbits. Observation was made of a statistically 
significant increase in pepsinogen secretion, stimulated by acetylcholine plus 
eserine (physostigmine). We have observed a 9- to 10-fold increase of 
pepsinogen secretion over the control, after stimulation by acetylcholine plus 
eserine for ten minutes. Histamine had no effect. 
Pepsinogen 
Pepsinogen, the precursor of pepsin, the most important digestive 
protease, was discovered by Langley more than a century ago (Langley, 1881). 
Northrop (1930) isolated pepsin in its crystalline form from bovine gastric 
juice. It was found to be a protein. In 1938 Herriot, at the Rockefeller 
Institute, first crystallized pepsinogen from swine gastric mucosa. He 
described the conversion of pepsinogen into pepsin, requiring the splitting 
off of a portion of the molecule containing 15-20% of the nitrogens (Herriott, 
1938). The pepsinogen molecule itself is inactive and can be measured only by 
its activity after it has been converted to pepsin. 
We now know that pepsinogen is not a single protein, but a class of 
proteins which can be activated to form pepsins, which hydrolyze proteins at 
an optimal pH of about 2 (Fruton, 1971). In the human, there are at least 
seven pepsinogens, divided into two groups: group I, comprising pepsinogens 
1-5, and group II, comprising pepsinogens 6-7. Group I pepsinogens are found 
-7- 

in the fundic mucosa of the stomach. Group II is limited to the antral, 
proximal duodenal, and esophageal mucosa (Samloff, 1971 a) Both groups are 
present in serum (Samloff, 1971 b). Group I pepsinogens are normally found in 
urine, while group II rarely are. Pepsinogen is also present in seminal fluid. 
The average molecular weight of crystalline porcine pepsinogen is about 
38,800-42,000, on the basis of sedimentation equilibrium data (Williams and 
Rajagopalan, 1966). The average M.W. calculated from amino acid analyses is 
about 39,000 (Rajagopalan et al., 1966). Tang et al. (1973) have determined 
the complete amino acid sequence of a porcine pepsinogen, and found it to 
consist of 327 residues and to have a molecular weight of 34,644. 
Pepsinogen is very resistant to inactivation. At temperatures above 
70°C it shows a partial reversible denaturation. It is resistant to 
moderately alkaline pH, but is irreversibly denatured at pH over 12. At pH 
values below 6.0, it converts to pepsin; conversion reaches a maximum at pH 
1.0. The reaction is autocatalytic, i.e., pepsin catalyzes the reaction. 
Pepsins are active over a pH range of 1.5-2.5, with an optimum at about 
2.0. They are irreversibly denatured at pH greater than 7.0 (Hirschowitz, 
1957). The substrates for pepsin in the stomach are natural proteins in the 
diet and proteins already denatured, e.g., by cooking. The hydrolysis of 
proteins at the peptide bonds is rapidly initiated by pepsin. The bonds most 
readily hydrolyzed by pepsin are those involving the carboxyl group of 
aromatic amino acids (phenylalanine, tyrosine, or tryptophan). Pepsin acts 




The gastric glands 
Pepsinogens are secreted by several cell types. They are synthesized and 
stored as granules in the chief or peptic cells of the oxyntic glands, and in 
non-granular form in the mucous neck cells of those glands, in some cells of 
pyloric glands and in Brunner's glands (Guyton et al, 1975). In the region of 
the fundus of the stomach are located most of the oxyntic (gastric, fundic) 
glands that secrete the enzymes and HC1. 
Parietal cells, located in the isthmus of the gastric glands, secrete HC1 
and, in the rabbit and man, intrinsic factor. Dalton (1951), using electron 
microscopy, noted that parietal cells possess a well differentiated striated 
border, forming a continuous covering over the intracellular canaliculi. 
These cells frequently border directly on the lumen of the gastric gland, and 
in such cases the striated border is continuous over the free surface (Dalton, 
1951). Through the branching canaliculus the secretions reach the lumen of 
the gastric gland. The intracellular canaliculus takes up a significant 
amount of space in the parietal cell and so encroaches on the cytoplasm that 
the cytoplasm remains crowded with mitochondria. Present are a few ribosomes, 
a small amount of rough endoplasmic reticulum, a small Golgi apparatus. But 
unlike the chief cell, there are no secretory granules (Ham and Cormack, 
1979). The parietal cell cytoplasm has a normal pH. The canaliculi have an 
extremely acid pH, and there is a plentiful supply of carbonic anhydrase. 
The gastric chief or peptic cells line the lumen of the lower half or 
third of the oxyntic glands. The peptic cells contain numerous zymogen 
granules in the cytoplasm in the apical portion of the cell near the surface, 
identified as pepsinogen I granules by immunofluorescence (Samloff, 1971). 
-9- 
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Dalton (19511 observed that the peptic cells are frequently in contact with 
the neck chief cells but not with surface epithelial cells. They have 
striated borders, with filaments averaging 0.2 um in length and 0.6 um in 
width. There are many secretory droplets in the cytoplasm and a variable 
number of vacuoles. The number of vacuoles appears to be inversely 
proportional to the number of secretory droplets, and the number of secretory 
droplets decreases after the injection of histamine. 
Pepsinogen is presumably synthesized in the polysome-mRNA on the 
endoplasmic reticulum, then transferred across the membrane into the tubular 
system of the reticulum for transport to Golgi body, where granules are formed 
(Hirschowitz, 1967); they then migrate to the secretory border of the cell 
(Dalton, 1951, Hirschowitz, 1967). Appropriate stimulation is followed by an 
immediate massive discharge of granules, which in turn is followed by 
synthesis (Hirschowitz, 1967). 
Menzes, in experiments on rats (1962), observed that during fasting there 
is a progressive increase in the number of peptic cells containing granules. 
There is an increase in both the number and size of granules, which reaches 
maximum after 3 days starvation. Ten minutes after the rats commenced to 
feed, after six days starvation, all the largest pepsinogen granules were 
discharged. 
In the human fetus, gastric pits develop at seven weeks and become obvious 
at nine weeks. Peptic cells and/or peptic activity have been reported between 
the 4th and 8th months (Hirschowitz, 1957). In the first third of the 10th 
month there is a very rapid increase in the granulation and peptic activity of 




of granules fHirschowitz, 1957). In the rabbit, pepsin is fairly abundant two 
weeks postnatally, but is not present immediately after birth (Werner, 1948). 
Werner (1948) reported that during the 8th and 9th months there is a slow 
progression of maturity of chief cells in the human fetus, but no increase in 
the amount of granules. He concluded that up to the 10th fetal month there is 
almost complete absence of pepsin granules followed by an abrupt acceleration 
of granule development. 
Secretion of pepsinogen 
In the normal stomach some pepsinogen secretion is present at all times, 
since synthesis, which is an independent and continuous process, fills the 
chief cells with granules. To accommodate the newly synthesized pepsinogen an 
overflow of secretion occurs as the granules discharge their contents 
(Hirschowitz, 1967). In their study on gastric synthesis and secretion of 
pepsinogen by mucosal biopsies in organ culture, Sutton and Donaldson (1975) 
reported a linear increase in pepsinogen concentration in the culture medium, 
suggesting a continuous secretory process by functioning mucosa. 
Secretion of pepsinogen can be strongly stimulated by feeding, cholinergic 
stimulation induced by insulin hypoglycemia, sham feeding, administration of 
stable choline esters, or local cholinergic stimulation evoked by gastric 
distention. Other stimulants include gastrin, cholecystokinin and its 
analogue, caerulein, and secretin (Guyton et a!., 1975). 
Mild gastric mucosal damage caused by topical application of highly 
concentrated HC1, acetic acid, or ethanol results in a transient increase in 
the output of pepsinogen. Physiological concentrations of acid stimulate 
pepsinogen secretion. This may be the most important regulatory mechanism of 
-11- 
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pepsinogen secretion (Johnson, 1972). 
Inhibitors of pepsinogen secretion include cholecystokinin when acting 
with gastrin, gastric inhibitory peptide, prostaglandin PGA, PGE^, and 
PGE1 (Guyton et al, 1975). Atropine strongly inhibits pepsinogen 
secretion. Vagotomy decreases basal output of pepsinogen secretion and 
abolishes secretion evoked by stimulation of the vagus nerve, but not by food, 
in man and in dog (Emas and Grossman, 1967). 
Acetylcholine and pepsinogen secretion 
Acetylcholine is the naturally occurring parasympathetic transmitter. 
Choline esters, i.e., acetylcholine, methacholine, carbachol, and bethanechol, 
all produce increases in tone, amplitude of contraction and peristaltic 
activity of stomach and intestines; they also enhance the secretory activity 
of the gastrointestinal tract (Goodman and Gilman, 1975). 
There is ample evidence for a role of acetylcholine in stimulation of the 
mucous and chief cells of the gastric glands. Specian and Neutra in their 
study on the mechanism of rapid mucus secretion in goblet cells, documented by 
light microscope and autoradiography that the goblet cells are responsive to 
acetylcholine when they are within the intestinal crypts (1980). Stimulated 
pepsinogen secretion by cultured gastric biopsies requires both acetylcholine 
and eserine; presumably the cholinesterase activity of biopsy tissue of serum 
is sufficient to prevent the action of acetylcholine in vitro (Sutton and 
Donaldson, 1975). It is uncertain whether the same applies to the isolated 
gastric gland. 
Acetylcholine-stimulated secretion of pepsinogen is apparently dose 
dependent. Kapadia and Donaldson (1978), in a study on macromolecular 
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secretion by isolated gastric mucosa, demonstrated that both pepsinogen and 
intrinsic factor secretion increased when acetylcholine was added to the 
culture medium. Increased concentrations of acetylcholine up to 10"^ M 
resulted in increased amounts of pepsinogen secretion. Increasing the 
concentration to 10 M did not further increase secretion. 
Uvn^s (1948), in experiments on cats, administered acetylcholine 
intravenously in amounts of 0.01 to 1000 ug per kg body weight. He found no 
stimulation of HC1 secretion, probably because of the rapid destruction of the 
drug by pseudocholinesterase in the serum. When 5 mg eserine was administered 
subcutaneously, and acetylcholine was given by continuous intravenous 
injection in doses ranging from 1-100 ug per kg body weight, he observed a 
rise in secretion of pepsin and HC1, beginning after 15-30 minutes and peaking 
about one hour later. 
Acetylcholine is involved in the mediation of vagus stimulatory impulses 
to the gastric cells. The vagus nerve is the usual common stimulus of 
pepsinogen secretion, and the most clearly defined. Stimulation of the vagus 
pathway may be obtained experimentally by hypoglycemia (Bachrach, 1953) or 
2-deoxy-D-glucose (2DG), which acts by producing hypoglycemia (Hirschowitz and 
Sachs, 1965). 
Simpson et al (1980) have shown, in experiments using frog esophagus, that 
bethanechol (125 uM) produced a steep increase in pepsinogen secretion during 
the first hour of stimulation, peaking at the end of 30 minutes, followed by a 
steep decline in secretion. Submaximal concentrations of bethanechol produced 
much higher secretion in the presence of 1 mM theophylline; this was followed 
by a slower decline in secretion. Theophylline alone had no effect. 
-13- 

Histamine and pepsinogen secretion 
Histamine, 2-(4-imidazolyl)ethylamine, is formed by decarboxylation of the 
amino acid histidine. It is a very potent stimulus to gastric acid production 
and elicits various other exocrine secretions. During prolonged infusions of 
histamine, outputs of pepsinogen, intrinsic factor, and acid are increased. 
The presence of an intact vagus nerve allows a higher rate of secretion. 
Whether or not histamine stimulates pepsinogen secretion directly is 
controversial. In his 1967 review Hirschowitz stated that histamine does not 
stimulate pepsinogen secretion, a conclusion reached by some authors, based on 
experiments performed on dogs, cats, ground hogs, birds, skate, Necturus, and 
in man. Studies of its effects on dogs and cats have suggested that histamine 
in large doses inhibits pepsinogen secretion. The majority of reports on the 
effects of histamine administration in man have indicated that it stimulates 
pepsin secretion. With continuous intravenous administration, pepsin 
secretion reaches a plateau about 3-4 times the basal output when a high flow 
rate becomes established (Hirschowitz, 1957). 
In his report on pepsinogen secretion (1967) Hirschowitz noted that 
histamine inhibits the output of pepsinogen in dogs and cats while strongly 
stimulating acid secretion. There is a moderate depression of pepsinogen 
secretion by atropine, an antimuscarinic agent, during histamine stimulation 
(Polland, 1931), suggesting that histamine stimulates pepsinogen secretion by 
a cholinergic mechanism. 
Calcium and pepsinogen secretion 
As with other forms of exocytosis, the immediate stimulus for release of 
pepsinogen is likely to involve calcium. Barreras and Donaldson (1967) 
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observed that in humans induced hypercalcemia caused an increase in pepsinogen 
secretion. Schafer and Donaldson (1975) studied the calcium requirement for 
protein synthesis and secretion by biopsies of rabbit gastric mucosa. The in 
vitro experiments provided evidence that the absence of calcium resulted in 
reduced stimulation of protein secretion. When calcium in the medium was 
chelated with EGTA there was no secretion, while addition of 4mM calcium 
resulted in no significant increase of synthesis. Tashjian (1979) studied the 
role of calcium in pepsinogen release by isolated rabbit gastric mucosa. She 
reported that pepsinogen secretion is dependent on calcium, but suggested that 
intracellular may be more important than extracellular calcium for secretion. 
Cyclic nucleotides and pepsinogen secretion 
As yet the second messenger or messengers for pepsinogen secretion have 
not been established. Schafer (1977) reported that in strips of isolated 
rabbit mucosa 1 mM 8-Br cyclic AMP elevated pepsinogen secretion by 120% over 
basal levels, and 2 mM dibutyryl cyclic AMP stimulated maximal secretion. 
Cyclic GMP analogs were ineffective. In preliminary experiments in the 
presence of 3 x 10"^ M eserine (physostigmine), maximal secretion was also 
_3 
elicited by 10 M IBMX (isobutylmethylxanthine, a phosphodiesterase 
inhibitor in the same family as theophylline!, and 10~4 M IBMX was nearly as 
effective. 
Later, Schafer et al. (1979) repeated these experiments and obtained 
marked stimulation of pepsinogen secretion by 10 M IBMX, and detectable 
stimulation by 10" M IBMX, in the presence of eserine. In the absence of 
eserine, however, IBMX produced only about 13% of the maximal response. 
Eserine alone caused only a 10%, stimulation. Atropine blocked the enhancement 
-15- 
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of IBMX stimulation by eserine. The authors suggested that eserine may permit 
endogenous acetylcholine to accumulate and stimulate secretion synergistically 
with IBMX, and that acetylcholine may stimulate pepsinogen secretion through 
or in conjunction with cyclic nucleotides. 
Simpson et al. 0980), working with frog esophagus, found that pepsinogen 
release could be fully stimulated only by bethanechol or dibutyryl cyclic 
AMP. Theophylline lowered the threshold for bethanechol stimulation and 
caused the half-maximal concentration of bethanechol to become maximally 
effective, but had no effect by itself. These authors suggested that cyclic 
AMP acts as a second messenger for cholinergic stimulation of pepsinogen 
secretion. 
Isolated gastric glands 
Many of the studies on pepsinogen secretion done in the past have been in 
vivo. Other experiments were performed on isolated portions of the gastric 
mucosa. The studies of Sutton and Donaldson (1975), Kapadia and Donaldson 
(1979), and Schafer and Donaldson (1975), referred to above, were done on 
biopsies of isolated fundic mucosa maintained in organ culture. The 
experiments of Schafer (1977), Tashjian (1979), and Schafer et al. (1979) were 
carried out with strips of isolated rabbit mucosa incubated in the shaker 
bath. Pepsinogen secretion by intact isolated fundic mucosa, even in the 
shaker bath, shows an atypically slow response to acetylcholine; it is not 
significantly different from control secretion until around 45 min after the 
start of stimulation. Moreover, rather high concentrations of acetylcholine, 
-5 
10 M or more, are required to obtain a detectable response at this time 
-8 
period, although as little as 10 M is effective over a period of 4 1/2 hr 
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in organ culture. It therefore seemed desirable to investigate pepsinogen 
secretion in a dispersed preparation of gastric mucosa. 
From time to time, attempts have been made to isolate functioning chief 
cells, but these have usually not been reported in the literature for want of 
success. For example, Bremiller (1961) attempted to separate cells of the 
II 
rabbit gastric mucosa but was unsuccessful. In 1976 Berglindh and Obrink 
described a method for preparing isolated glands from the gastric mucosa of 
rabbits. So far, there have been no reports in the literature of quantitative 
experiments on pepsinogen secretion by isolated glands from the rabbit gastric 
mucosa. In the present study, therefore, we have examined the effects of 
acetylcholine and histamine on the secretion of pepsinogen by isolated glands 
of the rabbit gastric mucosa during the first ten minutes. For isolation of 
the gastric glands, we used Berglindh's method, with slight modifications. 
Instead of 90 minutes, for example, we used 30-40 minutes of incubation time 
and obtained an excellent yield of glands. We determined the secretion in 
excess of basal secretion during the first 10 minutes of stimulation. The 
present study documents a direct action of acetylcholine, and the absence of a 
direct action of histamine, on pepsinogen secretion by isolated gastric glands. 
-17- 

II. MATERIALS AND METHODS 
Materials 
Trowell's-8 (T81 culture medium was obtained from Gibco; its composition 
is given in Appendix I. Rabbit serum albumin (RSA) was from Sign a. A stock 
solution of Trowell's-8 with rabbit serum albumin (T8-RSA) was made by adding 
1 g of RSA to 500 ml of T-8. Acetylcholine (10"^ M)/eserine (3x10"^ M) in 
T8-RSA was prepared by dissolving 7.3 mg acetylcholine chloride (Sigma) and 
97.3 mg eserine sulfate (Sigma) in 50 ml T8-RSA. 
Collagenase enzyme solution was prepared as described by Berglindh and 
Obrink (1961); its composition is given in Appendix II. Collagenase was Sigma 
Type I. A total of 50 ml of enzyme solution were used with each experiment. 
Phosphate-buffered saline (PBS, pH 7.3) contained NaCl, 125 mM; 
NaH2P04, 0.64 mM; and K2HP04, 3.0 mM. 
Histamine dihydrochloride anhydrous, MW 184.1, was from Sigma. Heparin 
sulfate (Panheparin), 1000 USP units/ml, and sodium pentobarbital (Nembutal 
HC1), 50 mg/ml, were from Abbott. 
Other materials included nylon cloth filters, from National Filter Media, 
Hamden, CT. Filter sizes, in decreasing order, were 154-004-99, 154-005-99, 
and 154-058-99. For separation of glands from medium, a Mil 1ipore manifold 
was used with glass prefilters. 
Surgery 
Male New Zealand white rabbits weighing 3.1-3.5 kg were used. They were 
not starved. Anesthesia was induced with 0.86 ml/kg (43 mg/kg) Nembutal 




ear. The upper limbs were loosely retracted away from the midline with nylon 
cords. The ventral area was shaved from the mid sternum to the pubis. 
Using a number 10 surgical blade, the abdomen was opened along the midline 
from the xiphoid to the pubis. The abdominal aorta was isolated and 
cannulated in a retrograde direction, and 0.5-1 ml of heparin was injected 
through the cannula. The superior mesenteric artery was clamped. The chest 
was quickly entered and the descending aorta clamped. 
The portal vein was incised, allowing free drainage of perfusate. Warm 
oxygenated phosphate buffered saline (PBS) was then pumped into the abdominal 
aorta at a setting of 20 on the Travenol cardiovascular pump. About 1200 ml 
PBS was forced through the gastric blood vessels in approximately 1 min. The 
stomach was then rapidly removed, cut open along the lesser curvature, and 
emptied. 
Preparation of isolated glands 
The cardiac and antral portions of the stomach were removed. The rest of 
the stomach was rinsed in oxygenated PBS and sponged lightly to remove any 
undigested gastric contents. The stomach was sectioned in two, to facilitate 
handling. The muscular layer of the stomach was placed on a sponge, which 
provided better traction. With the mucosal layer exposed, and while the 
stomach was stretched, the blunt end of a #3 surgical knife blade was used to 
bluntly dissect away the gastric mucosa from the gastric submucosal and 
muscular layers. The mucosa was then minced into tiny pieces with scissors. 
The pieces of mucosal tissue were washed several times with oxygenated 
PBS, then transferred to a 25 ml Erlenmeyer flask which contained 50 ml of 
collagenase enzyme solution (see Appendix II). The flask was removed from the 
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shaker bath, where it had been kept oxygenated at 37°C, and placed on the 
Thermolyne heater and magnetic stirrer. The mucosa was incubated for 
approximately 40 minutes at 37°C and was gently stirred and oxygenated 
during this period. During the incubation, the contents of the flask were 
examined periodically under the dissecting microscope for yield of glands. 
The cloudy suspension was then filtered and washed three times, through 
successively smaller meshed nylon cloth filters, into 1000 ml beakers. Large 
beakers and small fluid volumes were used, to allow quick settling of the 
glands. Each time before filtering, about 50 ml of T8-RSA was added to the 
glands. After each filtration the supernatant was aspirated. The washings 
were always done at room temperature and lasted about 10 minutes. The washing 
medium was always the same one (T8-RSA) used as control medium for subsequent 
studies of the glands. 
After filtering for the third time, the glands were resuspended in 50 ml 
of T8-RSA in a 250 ml Erlenmeyer flask with a side arm to allow oxygenation. 
The flask was placed in a shaker bath at 37°C for 15 minutes. At the end of 
15 minutes, the supernatant was aspirated, and the glands were resuspended in 
50 ml T8-RSA for a second period of 15 minutes, at the end of which 1.8 ml of 
glands were pipeted into test tubes containing 0.2 ml of control medium, 
acetylcholine/eserine, or histamine. 
Experiments 
After the 15-minute preincubation, the Erlenmeyer flask was left in the 
shaker bath, while oxygenation was continued. At precisely ten-second 
intervals, 1.8 ml of glands were pipeted from the flask, using a 5 ml 
Pipetman, and placed into 50 ml screw-cap P.yrex culture tube, containing 0.2 
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ml of either control T8-RSA, acetylcholine/eserine, or histamine. The culture 
tube was then oxygenated for about three seconds, capped, and placed in the 
shaker bath to be filtered at the appropriate time. Care was taken to prevent 
the oxygenating tube from becoming contaminated with one of the solutions 
during oxygenation and thereby contaminating other solutions. Also, as the 
pipet was introduced into the flask for retrieval of glands it was positioned 
at the same level, so that the same number of glands was aspirated each time. 
A total of 45 test tubes were used for most experiments. The first three 
tubes contained 0.2 ml T8-RSA (control medium). At minus 60 seconds, 1.8 ml 
of glands were added to each tube. They were centrifuged immediately at 5000 
rpm for five minutes. The supernatant was discarded. The spun glands 
(pellets) were later used for assay of the cell content of pepsinogen. 
Tubes 4 and 5 contained 0.2 ml T8-RSA. 1.8 ml of glands were added to 
each at minus 10 seconds. They were filtered immediately, and later assayed 
for oepsinogen content at time zero. 
Tube 6, containing 0.2 ml T8-TSA, had 1.8 ml of glands added to it. It 
was then placed on ice, to be used, along with tube #43 which was treated in a 
like manner, for assay of tissue protein by the Lowry method. 
The data reported helow, for 10-minute incubations, are based on either 18 
tubes (in Experiments 17-21) or 9 tubes (in Experiments 22-26). One-third of 
these were control tubes, labeled 'A,' containing 0.2 ml T8-RSA. One-third, 
labeled ’B,' contained 0.2 ml histamine. The remaining one-third, labeled 
'C,1 contained 0.2 ml acetylcholine (10~^M)/eserine (3xl0"°M). To control 
for the effect of time, tubes labeled A, B, and C were alternated as 
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seconds, oxygenated, incubated for ten minutes, then filtered. The filtrate 
was always collected for assay. 
Times other than ten minutes were also studied in these experiments, but 
because of technical difficulties encountered with one of the filtration 
manifolds the results were not entirely reproducible and are not reported here. 
After the glands were pipeted into the series of experimental tubes, two 
additional control tubes, each containing 0.2 ml of T8-RSA, received 1.8 ml of 
glands; these were filtered immediately and used as "zero time" controls at 
the end of pipeting. 
Assays 
Shortly after filtration, pepsinogen assays were done on filtrate of each 
tube, except tubes 6 and 43, which were saved for Lowry assay, and 1, 2, and 
3, which were centrifuged. Homogenates of the pellets of tubes 1, 2, and 3 
were used for tissue pepsinogen assay. Assays were performed on the medium to 
determine the amount of secretion produced by the glands (see Appendix IV). 
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III. RESULTS AND DISCUSSION 
In all, twenty-six experiments were performed, each on a different 
rabbit. Ten were preliminary experiments to establish competence with 
surgical procedures, gland preparation, and the Lowry and pepsinogen assays. 
Six were concerned with determining appropriate incubation conditions, and one 
was unsuccessful. The experiments to be described were performed on the other 
nine rabbits. Thus values for ten-minute stimulated secretion were obtained 
in nine experiments, using the isolated glands of the rabbit gastric mucosa. 
Gland protein 
To estimate the yield of glands in each experiment we determined the 
amount of gland protein, using the Lowry assay. We estimated the total amount 
of gland protein obtained from each rabbit and the amount per incubation 
tube. As seen in Table I, there were between 0.5 and 4.2 mg protein per 1.8 
ml of gland suspension, with a mean of 1.9 mg protein. 
Gland pepsinogen 
To estimate the total amount of pepsinogen present in unstimulated glands, 
pepsinogen assays were performed on homogenates of gland tissue pelleted by 
centrifugation. To estimate the amount of pepsinogen secreted into the 
medium, pepsinogen assays were performed on media after separation of glands 
by filtration. Assays were done after allowing the glands to secrete for 10 
minutes in either control medium or medium containing histamine (10~^ Ml or 
acetylcholine (10-^ M) and eserine (3xl0-^ M). As shown in Table I, the 





SUMMARY OF EXPERIMENTS 
Pepsinogen (peptic units'1 
Expt Protein Zero Total Net 
No (mg' Tissue Time C HA ACH C HA ACH 
17 4.2 18.0 14.0 22.2 31.0 41.0 8.2 17.0 27.0 
19 0.7 16.0 14.4 11.5 12.9 14.7 -2.9 -1.5 0.3 
20 0.5 — 5.5 7.8 Q.O 16.3 2.3 4.4 10.8 
21 3.0 27.0 3.4 4.4 4.4 8.7 1.0 1.0 5.3 
22 1.5 44.0 10.5 13.6 12.8 40.6 3.1 2.3 30.1 
23 1.7 39.0 11.6 18.3 15.0 55.3 6.7 3.4 43.7 
24 0.6 52.0 A.8 7.8 7.0 19.3 3.0 2.2 14.5 
25 2.5 69.0 27.9 28.6 31.3 49.6 0.7 2.4 21.7 
26 2.4 66.0 22.6 21.8 22.2 82.0 -0.8 -0.4 59.4 
SD 1.2 20.3 SD 3.5 5.4 18.9 
SE .4 7.2 SE 1.2 1.8 6.3 









per pellet, with a mean of 41.4 peptic units. In eight experiments (Table 
II), each 1 mg gland protein corresponded to 28.4 peptic units, on the average. 
Total pepsinogen secretion 
The amount of pepsinogen present in representative tubes at zero time, in 
peptic units, was subtracted from the total amount of pepsinogen in each tube, 
also in peptic units, to obtain the net amount of pepsinogen secreted in that 
tube in ten minutes. The net amounts of pepsinogen secreted were tabulated 
for each of the three different media. Data for individual experiments are 
given in Appendix VI, Tables V-XIII. In each experiment the mean amount of 
pepsinogen secreted into the medium containing acetylcholine/eserine was 
substantially greater than that secreted into the control medium. 
The results of all nine experiments were examined as a group. Table I and 
Figure 1 show the net amounts of pepsinogen secretion, in peptic units, by 
glands incubated in the three different media for ten minutes. Since there 
was a great deal of quantitative variation in the results of different 
experiments, it was important to determine whether the stimulating effect of 
acetylcholine/eserine was statistically significant for the group as a whole. 
The net secretion values were therefore examined by "Student's" paired and 
unpaired t-tests (Snedecor and Cochran, 1967), to determine whether 
differences between the means were statistically significant. There were nine 
experiments in all; therefore the number of degrees of freedom was 9-1=8 
for the paired test and 18 - 2 = 16 for the unpaired test. 
When the histamine (HA) values were compared with the control values, the 
difference between the means (1.1 peptic units) was not significant in either 




PEPSINOGEN CONTENT OF GLANDS 














Figure 1. Effects of histamine and (acetylcholine + eserinel 
on pepsinogen secretion. Results are based on nine 
experiments. Each curve represents the data collected from 
one experiment, identified by the number next to the curve, 
after ten minutes of stimulated secretion. The amount of 
pepsinogen fin peptic units) represents the total amount of 
pepsinogen present in the medium less the value at zero time. 
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difference of this magnitude by chance, was greater than 0.35 in both tests. 
The mean acetylcholine/eserine (ACH) secretion, by contrast, was significantly 
different from the control secretion; in this case P was less than 0.01 for 
both the paired and the unpaired t-test. 
Secretion vs. gland protein and pepsinogen 
There was clearly a large amount of variation in net pepsinogen secretion 
among experiments. It was reasonable to expect that some of this variation 
might be due to differences in the concentration of glands in the suspension 
or in the total amount of pepsinogen present in those glands. We therefore 
looked for possible correlations between net acetylcholine/eserine-stimulated 
secretion and gland protein, on the one hand, or between stimulated secretion 
and gland pepsinogen, on the other. 
First, the least-squares regression of stimulated secretion on gland 
protein was calculated, using the data of Table I (Fig. 2). There was a weak 
positive correlation (r = 0.22) between secretion and protein, with the 
regression line being given by y = 3.4(x) + 14.9. The correlation between 
stimulated secretion and gland pepsinogen (Fig. 3), again based on Table I, 
was somewhat stronger (r = 0.59), the regression line in this case being given 
by y = 0.55(x) + 0.19. 
Since positive correlations were obtained in both these cases, it was 
possible that the observed variation in net secretion might be less if the 
results were normalized by expressing them in terms of secretion per mg of 
protein or per unit of pepsinogen. This possibility was examined further by 
expressing secretion as (1) peptic units per mg of gland protein or (2) 
fraction of the total gland content of pepsinogen. 
-28- 

Figure 2. Net pepsinogen secretion (total peptic units less 
value at zero time) after ten minutes in the presence of 
acetylcholine/eserine, plotted vs. tissue mass, expressed as 
milligrams of gland protein. The least-squares linear 
regression of secretion on gland protein is also shown. There 




















Figure 3. Net pepsinogen secretion ftotal peptic units less 
value at zero time! after ten minutes in the presence of 
acetylcholine/eserine, plotted vs. pepsinogen content of 
unstimulated glands, in peptic units. The least-sguares 
linear regression of secretion on gland protein is also 
shown. There was a moderate positive correlation (r = 0.59) 







































Secretion per mg gland protein 
The amount of pepsinogen secreted per unit of gland tissue, expressed as 
peptic units per mg of protein, is shown in Table III and Figures 4 and 5. 
The mean pepsinogen secretion stimulated by acetylcholine/eserine fACH) was 
14.8 + 3.5 peptic units/mg protein, while the mean values for control medium 
(Cl and histamine medium (HA) were 1.5 + 1.0 peptic units/mg protein and 2.1 + 
1.1 peptic units/mg protein, respectively. 
When the t-test for significance was applied to these values, the 
difference between histamine and control means again was not statistically 
significant (P was greater than 0.35 by both paired and unpaired tests). The 
significance of the difference between acetylcholine/eserine and control means 
was now greater than for the non-normalized data; P was less than 0.002 for 
both the paired and unpaired t-tests. 
Secretion as percent of gland pepsinogen 
Lastly, pepsinogen secretion was expressed as percent of unstimulated 
gland content of pepsinogen (Table IV, Fig. 6). As is seen in Table IV, the 
mean secretion of pepsinogen stimulated by acetylcholine/eserine (62 + 18 
percent of gland content) was nine times as great as that in control medium (7 
+ 6 percent of gland content), while histamine caused no significant increase 
in pepsinogen secretion (14 + 12 percent of gland content). 
When these data were analyzed by the t-test, histamine was again found to 
have had no significant effect (P was greater than 0.4), while the effect of 
acetylcholine/eserine was significant, P being less than 0.01 for both the 




PEPSINOGEN SECRETION PER MG GLAND PROTEIN 
SUMMARY OF EXPERIMENTS 
Expt 
No 
Pepsinogen (peptic units/mq protein) HA ACH 
less less 
control control 
Zero Total Net 
T ime C HA ACH C HA ACH 
17 3.3 5.3 7.4 9.7 1.9 4.1 6.4 2.2 4.5 
19 20.6 16.4 18.5 21.0 -4.2 -2.1 .4 2.1 4.6 
20 11.4 16.1 20.6 33.6 A.7 9.2 22.4 4.5 17.7 
21 1.1 1.4 1.4 2.9 0.3 0.3 1.7 .0 1.4 
22 7.0 9.0 8.5 27.2 2.0 1.5 20.0 -0.5 18.2 
23 6.9 10.6 8.6 32.6 3.7 1.7 25.7 -0.2 22.0 
24 7.7 12.7 11.3 31.0 5.0 3.6 23.3 -1.4 18.3 
25 11.2 11.4 12.4 19.8 0.2 1.2 8.6 1.0 8.4 
26 9.4 9.0 9.2 34.i -0.4 -0.2 24.7 -0.6 25.1 
SD 2.9 3.2 10.4 
SE 1.0 1.1 3.5 





Figure 4. Effects of histamine and (acetylcholine + eserinel 
on pepsinogen secretion. Isolated glands were stimulated for 
ten minutes. Each curve represents the amount of pepsinogen 
secreted per unit of gland tissue, expressed as peptic units 















































Eserine(3 x 10-3) 
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Figure 5. Effects of histamine and (acetylcholine + eserine) 
on pepsinogen secretion. Isolated glands were stimulated for 
ten minutes. Each curve represents the amount of pepsinogen, 
in peptic units per milligram gland protein, secreted in 
response to stimulation, i.e., in excess of the control 
secretion value. 
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AS PERCENT OF UNSTIMULATED GLAND CONTENT 
SUMMARY OF EXPERIMENTS 






C HA ACH C HA ACH 
1.7 70 123 172 227 45 94 150 
19 90 71 80 91 -18 - 9 1 
21 12 16 16 32 3 3 19 
22 23 30 29 92 7 5 68 
23 29 46 38 141 17 8 112 
24 90 15 13 37 5 4 27 
25 40 41 45 71 1 4 31 
26 34 33 33 124 - 1 - 1 90 
SD 18 32 51 
SE 6 11 18 




Figure 6. Effects of histamine and ^acetylcholine + eserine) 
on pepsinogen 
ten minutes, 
as percent of 
secretion. Isolated glands were stimulated for 
Each curve represents the pepsinogen secretion 
the pepsinogen content of unstimulated glands. 
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There was no apparent advantage in expressing pepsinogen secretion in 
terms of gland protein or in terms of unstimulated gland content of 
pepsinogen. That is, the relative error of the mean pepsinogen secretion was 
left essentially unchanged by either of these calculations. Regardless of how 
the data were expressed, however, acetylcholine/eserine markedly stimulated 
pepsinogen secretion by isolated gastric glands during the first ten minutes, 




1. Secretion of pepsinogen by isolated oxyntic glands of rabbit gastric 
mucosa has been measured in control medium and in the presence of histamine 
HO Ml or acetylcholine H0_l3 Ml + eserine (3 x !0~' Ml. The protein 
and pepsinogen contents of unstimulated glands have also been measured. 
2. In contrast to previous results obtained with intact isolated rabbit 
gastric mucosa, where secretion of pepsinogen in response to acetylcholine + 
eserine was not significant until 45 minutes after the start of stimulation, 
in the present experiments marked and statistically significant stimulation of 
pepsinogen secretion was seen in the presence of acetylcholine after 10 min. 
3. There was no stimulation of pepsinogen secretion by histamine at the 
concentration indicated above, suggesting that reported stimulation of 
pepsinogen secretion by histamine in intact animals may be the result of an 
indirect effect of histamine, rather than a direct effect on the chief cell. 
4. As in previous experiments with intact isolated rabbit gastric mucosa, 
considerable variation was noted in pepsinogen secretion among experiments. 
When the results were normalized, however, by expressing secretion in terms of 
peptic units per milligram of gland protein, or as percent of pepsinogen 
content of unstimulated glands, the relative variation remained unchanged. 
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MgS04 7H?0 250.0 
NaCl 6100.0 
NaHC0? 2820.0 
NaH2P04 H?0 398.0 
Glucose 4000.0 
Insulin f bovine! 50.0 
Phenol red 10.0 
Amino acids 
L-arginine HC1 21.0 
L-cysteine HC1 47.0 
L-histidine HC1 10.0 
-44- 

Amino acids (cont.l 










Para-aminobenzoic acid 35.0 
Thiamine HC1 17.0 
Composition of T8-RSA 
Trowel 1's-8 
of rabbit serum 
with rabbit serum albumin (T8-RSA) was made by adding one gram 




The composition of collagenase enzyme solution, as given by Berglindh and 
II 
Obrink (1976), was as follows: 
NaCl 130.0 mM 
NaH?P0A 3.0 mM 
K2HP04 3.0 mM 
CaClp 1.0 mM 
NaHC0? 12.0 mM 
Na2HP04 3.0 mM 
MgS04 2.0 mM 
Phenol red lOmg/L 
pH 7.4 
Shortly before the solution was used, 
1 mg/ml rabbit serum albumin (Sigma), 
1 mg/ml collagenase (Type 1, Sigma), 









2% Na2C03 in 0.1 N NaOH 
Mix B-I and B-II (1:1): 
B-I: I% CuS04-5H?0 
B-II: NaK tartrate (2%) 
50 ml reagent A and 1 ml reagent B 
Folin-Ciocalteu phenol red reagent-1 N. 
Method: 
1) Test solutions should not exceed a maximum of 0.5 mg total protein. 
21 Add 5 ml reagent C, vortex immediately, wait at least 10 minutes. 
31 Add 0.5 ml Folin's reagent. Vortex immediately. 






0.04 N HC1 
2% hemoglobin warmed to 37 degrees C. 
Folin's reagent 
5% trichloroacetic acid fTCA) 
0.2 N NaOH 
Method: 
al Place 0.1 ml of sample in 16 x 100 mm test tube. 
b) Add 0.3 ml of 0.04 N HC1, pH 1.5, vortex. Allow to activate in 
shaker bath at 37° C for 10 minutes. 
c) Add 0.8 ml hemoglobin and vortex. Allow to incubate in shaker bath 
at 37 C, 220RPM, for 30 minutes. 
d) Stop incubation by adding 1.8 ml of 5% TCA, vortex, allow to sit 
for ten minutes, or refrigerate for 30 minutes. 
e) Filter through Whatman #1 filter paper. 
Colorimetry: 
al To 1 ml of filtrate, add 5 ml of 0.2 N NaOH, vortex, allow to 
activate for 10 minutes. 
bl Add 0.5 ml of Folin's reagent and vortex immediately. Allow to sit 





Calculation of peptic units (PU) 
Concentration of pepsinogen in media, expressed in peptic units, was 
calculated by using the following equation, based on a calibration curve: 
PU = (O.D.) X (4.781 X (Volume/dilution factor). 
O.D. = Optical density at 760 nm. 
Volume/dilution factor varies with volume and dilution of initial 




PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 17 
Tube Peptic units P.U./mg protein 
No. A B C A B C 
11 23.2 5.5 
12 26.0 6.2 
13 46.9 1.1.2 
14 22.4 5.3 
15 68.2 16.2 
16 48.6 11.6 
17 30.6 7.3 
18 33.3 7.9 
19 48.5 11.5 
20 21.8 5.2 
21 20.3 4.8 
22 31.0 7.4 
23 11.2 2.7 
24 20.1 4.8 
25 40.3 9.6 
26 23.9 5.6 
27 19.6 4.7 
28 31.2 7.4 
SD: 1.5 4.5 2.0 
SE: 0.6 1.8 0.8 
x: 5.3 7.4 9.7 
- Zero Time: 3.3 3.3 3.3 
Net secretion (P.l).): 2.0 4.1 6.4 
Tissue Protein: 4.2 mg 
Zero Time: 
Peptic units: 14.0 
P.U./mg: 3.3 
A: Control 
B: Histamine flO“^M) 













11 7.5 11.0 
1.2 12.5 18.0 
13 7.4 11.0 
14 10.0 15.0 
15 11.0 16.0 
16 11.8 17.0 
17 10.3 15.0 
18 9.7 14.0 
19 20.0 28.0 
20 21.8 5.2 
21 15.0 22.0 
22 16.0 22.0 
23 11.5 19.0 
24 15.2 22.0 
25 14.6 21.0 
26 15.2 22.0 
27 13.6 19.0 
28 19.0 17.0 
SD: 4.2 3.2 6.6 
SE: 1.8 1.3 2.7 
x: 16.4 18.5 21.0 
- Zero lime: 20.6 20.6 20.6 
Net secretion fP .U.): -4.2 -2.1 0.4 
Tissue Protein: 0.7 mg 
Zero time: 
Peptic units: 14.4 
PU/mg: 20.6 
A: Control 
B: Histamine flO"^Ml 




PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 20 
Tube Peptic units P.U./mg protein 


















18 7.1 15.0 
19 13.7 28.0 
20 6.4 13.0 
21 6.8 14.0 
22 18.6 39.0 
23 6.5 13.0 
24 7.4 15.0 
25 16.4 34.0 
26 6.1 13.0 
27 6.3 13.0 
28 17.5 36.0 
SD: 9.2 14.2 4.1 
SE: 3.7 6.3 1.8 
x: 16.1 20.6 33.8 
- Zero Time: 11.4 11.4 11.4 
Net secretion fP.U.l: 4.7 9.2 22.4 
Tissue Protein: 0.48 mg 
Zero time: 
Peptic units: 5.5 
PU/mg: 11.4 
A: Control 
B: Histamine flO'^M) 




PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 21 
Tube Peptic units P.U./mg protein 
No. A B C A B C 
11 3.6 1.2 
12 4.3 1.4 
13 7.9 2.6 
14 3.7 1.2 
15 3.3 1.1 
16 8.3 2.7 
17 5.1 1.7 
18 5.1 1.7 
19 9.9 3.3 
20 4.5 1.5 
21 4.1 1.3 
22 9.0 3.0 
23 4.7 1.5 
24 4.9 1.6 
25 9.1 3.0 
25 4.6 1.5 






SD: .2 .2 .3 
SE: .1 j .1 
x: 1.4 1.4 2.8 
- Zero Time: 1.1 1.1 1.1 
Net secretion (P. U.): .3 .3 1.7 
Tissue Protein: 3.0 mg 
Zero time: 
Peptic units: 3.3 
PU/mg: 1.1 
A: Control 
B: Histamine M0~^M) 




PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 22 
Tube Peptic units P.U./mg protein 
No. A B C A B C 
34 14.7 10.0 Tissue Protein: 1.49 mg 
35 11.5 8.0 
36 39.2 26.0 Zero time: 
37 41 .3 28.0 Peptic units: 10.5 
38 13.4 9.0 PU/mg: 7.0 
39 13.1 9.0 
40 13.1 9.0 
41 13.5 9.0 
42 41.2 28.0 
SD: 0.6 0.8 0.8 
SE: 0.4 0.5 0.5 
x: 9.0 8.5 27.2 
- Zero T ime: 7.0 7.0 7.0 
Net secretion fP .U.): 2.0 1.5 20.2 
A: Control 
B: Histamine (10"^M) 




PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 23 
Tube Peptic units P.U./mg protein 
No. A B C A B C 
34 24.4 14.0 Tissue Protein: 1.68 mg 
35 27.6 16.0 
36 57.3 34.0 Zero time: 
37 49.1 29.0 Peptic units: 11.6 
38 4.0 2.0 PU/mg: 6.9 
39 15.2 9.0 
40 15.2 9.0 
41 13.4 8.0 
42 59.5 35.0 
SD: 2.8 7.0 3.2 
SE: 1.6 4.0 1.8 
x: 10.6 8.6 32.6 
- Zero Time: 6.9 6.9 6.9 
Net secretion (P. U.): 3.7 1.7 25.7 
A: Control 
B: Histamine MO'^M) 





PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 24 
Tube Peptic units P.U./mg protein 
No. ABC A B C 
34 7.3 12.0 Tissue Protein: 0.62 mq 
35 8.1 13.0 
35 25.4 41.0 Zero time: 
37 25.4 41.0 Peptic units: 4.8 
38 6.0 10.0 PU/mg: 7.7 
39 7.4 12.0 
40 8.5 14.0 
41 6.8 n.o 
42 7.2 11 .0 
SD: 1.2 1.5 17.3 
SE: 0.7 0.8 10.0 
x: 12.7 11.3 31.0 
- Zero Time: 7.7 7.7 7.7 
Net secretion fP.U.l: 5.0 3.6 23.3 
A: Control 
B: Histamine flO“^M) 




PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 25 
Tube Peptic units P.U./mg protein 
No. A B C A B c 
34 28.7 n.o Tissue Protein: 2.5 mq 
35 42.6 17.0 
36 53.6 21.0 Zero time: 
37 34.8 14.0 Peptic units: 27.9 













SD: 0.5 5.1 5.2 
SE: 0.3 3.9 3.0 
x: 11.4 12.4 19.8 
- Zero T ime: 11.2 11.2 11.2 
Net secretion fP .U.): .2 1.2 8.6 
A: Control 
B: Histamine MO~4) 




PEPSINOGEN SECRETION PER MG PROTEIN 
EXPERIMENT 26 
Tube Peptic units P.U./mg protein 
No. A B C A B C 
34 28.1 12.0 Tissue Protein: 2.4 mg 
35 25.3 10.0 
36 86.9 36.0 Zero time: 
37 76.3 32.0 Peptic units: 22.6 













SD: 3.2 1.1 2.2 
SE: 1.8 0.6 1.2 
x: 9.0 9.2 34.1 
- Zero T ime: 9.4 9.4 9.4 
Net secretion (P .U.): -0.4 -0.2 24.7 
A: Control 
B: Histamine M0"4) 
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